We present absolute values for the complete set of magneto-optical constants around the Gd 4,5 and Fe L 2,3 dipole resonances as obtained from measurement of the polarization dependent photoabsorption cross sections and Kramers-Kronig transformation. The results are verified by comparing the resulting resonant scattering factors with the resonant magnetic scattering from a stripe domain lattice, showing an excellent agreement for both the circular and linear dichroic contributions.
I. INTRODUCTION
The large magneto-optical effects around the x-ray core level resonances that were discovered in the eighties 1-7 have become an indispensable tool in modern magnetism research. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] While polarization dependent x-ray absorption is a powerful probe of element-specific magnetization, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] 21 the magneto-optical contrast can also be used to resolve the magnetic structure in resonant magnetic scattering 2,3, 18, [22] [23] [24] [25] [26] [27] and microscopy [11] [12] [13] [14] [15] 28, 29 experiments. Scattering experiments are most readily performed using hard x rays ͑q Ͼ 2 keV͒, which have the combined advantage of high spatial resolution and large penetration power.
2,3 However, in the soft x-ray range the resonant magnetic scattering cross sections are much larger and although unfortunately the soft x-ray wavelengths ͑ϳ1 nm͒ are too large for the determination of the unit cell structure, they are perfectly suited to resolve the micromagnetic structure of domains and the artificial structures as multilayers and nanostructured devices. The early soft x-ray magnetic scattering experiments concentrated on reflectivity measurements at the transition metal L 2,3 edges on single crystal surfaces 22 and magnetic multilayers [23] [24] [25] and showed the possibility of obtaining magnetization profiles near the interfaces. More recently the technique was applied to the study of the domain structure of thin films, both in reflectivity 26 and transmission 27, 30 geometries, and concentrated on FePd and CoPt thin films, multilayers and patterned surfaces. 31 For the interpretation of resonant scattering experiments, quantitative knowledge of the polarization and energy dependent magneto-optical constants is essential. For dipole resonances, as discussed here, the resonant contribution f E1 to the atomic scattering amplitude f is given by 3, 32 f E1 ͑ê,êЈ͒ = ͑êЈ * · ê͒F ͑0͒ − i͑êЈ * ϫ ê͒ · mF ͑1͒ + ͑êЈ * · m͒ ϫ͑ê · m͒F ͑2͒ , ͑1͒
where ê, êЈ are the unit vectors corresponding to polarization modes and m is the direction of the local magnetic moment of the ion. Each of the three terms in Eq.
(1) is a product of an angular dependent factor describing the geometry and an atomic resonant factor F ͑i͒ ͑͒ which depends on the radial distribution functions of the core level electron and the valence electrons involved in the resonance. 3, 33 The F ͑i͒ are complex numbers, the imaginary part of F ͑0͒ is directly proportional to the x-ray absorption (XAS) whereas the imaginary parts of F ͑1͒ and F ͑2͒ are proportional to the x-ray circular and linear magnetic dichroism (XMCD and XMLD), respectively. At the transition metal L 2,3 edges the linear dichroism is small when compared to the circular dichroism. However, at the rare earth M 4,5 edges the linear dichroism can be considerable, 34 and we will show that in the case of Gd this gives rise to a clear contribution to the scattering cross section.
Since domains have typical sizes of 50 nm or bigger, most of the scattered intensity occurs at very small scattering angles. It can simply be shown that in the forward scattering limit the F ͑1͒ term is mainly sensitive to the the magnetization components parallel to the beam while the F ͑2͒ term involves transverse components. 32 We find that the latter contribution is located in a narrow energy interval, which makes it possible to switch it by slight adjustment of the photon energy, allowing one in a convenient way to disentangle the intensity from the different magnetization components.
The real and imaginary parts of the F ͑i͒ are connected by Kramers-Kronig transforms and therefore it is sufficient to measure either one of these parts directly. The real part has been obtained by measuring the energy dependence of the reflectivity 35 or the position of the Bragg peaks from multilayers [36] [37] [38] or thin films 39 or from measurements of the Faraday [40] [41] [42] or Voigt effects. 43, 44 The imaginary part can be obtained in a straightforward way from the polarizationdependent absorption spectra. [45] [46] [47] [48] [49] [50] [51] Because of the high absorption cross sections in the soft x-ray range, these are normally measured in the total electron yield mode, which suffers from saturation effects and does not give absolute values. By normalizing electron yield spectra to calculations for the nonresonant absorption coefficients, it is possible to obtain more quantitative values. 48, 51 The more reliable method relies on transmission measurements on thin metallic films deposited on ultrathin transmission electron microscopy support windows. A number of groups have tried this approach in the soft x-ray range successfully. [45] [46] [47] [48] We use this method here to obtain high quality data for the full set of optical constants of Gd and Gd 1−x Fe x thin films around the Gd M 4,5 dipole resonance. For completeness we also give our results for the Fe L 2,3 resonance. The reliability of these optical constants will be demonstrated by comparison of the resulting scattering cross section with the measured scattered intensity of the magnetic stripe lattices in the same samples. In describing the scattered intensity two points of view can be taken: 41 the macroscopic description in terms of a space modulated refractive index, or a description in terms of the atomic scattering amplitude. Here we choose to use the more intuitive approach of the refractive index formalism in explaining the roles of the dichroic attenuation and birefringence in the scattering contrast.
II. EXPERIMENT
Gd 1−x Fe x films grown at room temperature are well known to exhibit a perpendicular anisotropy, [52] [53] [54] which is convenient for transmission XMCD experiments. We grew films of 40 nm thickness using electron beam evaporation at 10 −9 mbar on room temperature substrates that were rotated to ensure film homogeneity and a true perpendicular anisotropy axis. The compositions and thicknesses were calibrated with Rutherford backscattering spectroscopy. The temperature dependence of the magnetization was measured with a vibrating sample magnetometer. In addition, 18-nm-thick pure Gd films were grown, which are paramagnetic at room temperature. In each case, the thicknesses where chosen to give approximately 1 / e absorption at the Gd M 5 resonance using calculated cross sections from Thole. 4 As supports we used 100-nm-thick Si 3 N 4 windows, which have a transmission of ϳ95% at the Gd M 4,5 and ϳ85% at the Fe L 2,3 energy. Typical window dimensions were 0.5ϫ 0.5 mm 2 . The films were capped with a 2 nm Al protection layer in order to prevent oxidation. Atomic force microscopy showed the films to be flat to within 2 nm and free of defects and pinholes.
Transmission experiments were performed during several runs at beamline ID08 55 at the European Synchrotron Radiation Facility. This beamline is equipped with two Apple II undulators, optimized for polarization dependent soft x-ray spectroscopies. The photon energy is tunable between 0.4 and 1.6 keV and the polarization can be controlled such that the x rays are either 100% left/right circularly polarized or vertical/horizontal linearly polarized. The "Dragon" type spherical grating monochromator has a best energy resolution close to ⌬E ր E =5ϫ 10 −4 at 850 eV. For the present experiment at 1200 eV the experimental resolution was estimated to be 0.3 eV. A vertical refocusing mirror focuses the beam to a minimum vertical size of 40 m at the sample position. The horizontal width is typically 800 m, determined by a horizontal focusing mirror, which is used for harmonic rejection.
The experimental layout from the refocusing mirror onwards is sketched in Fig. 1 . The intensity of the incident beam upstream of the sample was monitored by the photoelectron current from a fine gold-coated Cu grid. A photodiode was used to detect the transmitted intensity. Absolute transmission factors were determined by measuring the ratio of the two detector signals with and without the sample. A set of slits in front of the I 0 monitor was used to produce a beam size smaller than the Si 3 N 4 window dimensions.
The samples were attached to a cold finger inserted between the poles of a horizontal 0.5 T in-vacuum electromagnet. The maximum magnetic field was sufficiently high to saturate all samples. For x-ray magnetic circular dichroism (XMCD) measurements the field direction was parallel to the beam. The magnetization was flipped at each data point to obtain the dichroism spectrum, and the measurements were performed for two helicity directions, which gave indistinguishable results. The x-ray magnetic linear dichroism (XMLD) was measured with the sample magnetized perpendicular to the beam, taking the difference of consecutive scans with horizontal or vertical linear polarization.
III. ABSORPTION AND MAGNETIC DICHROISM CROSS SECTIONS
Since for x rays the complex refractive index is close to 1 it is written as
͑2͒
where 1 − ␦ and ␤ are related to the dispersion and absorption in the medium, ␤͑͒ is related to the absorption coefficient ͑͒ by ͑͒ =2␤͑͒k where k is the wave number. In the absence of scattering, i.e., for films that are homogeneous on length scales larger than the wavelenght (1 nm), the absorption coefficient ͑͒ is equal to the extinction coefficient and is given by the Lambert-Beer law
where I t and I 0 are the transmitted and incident intensities and D the film thickness.In a magnetic medium the refractive index is only defined for the so-called proper modes of polarization 56 which correspond to the two solutions of the wave equation existing for a given direction of propagation k of the electric wave and magnetization vector m . [56] [57] [58] [59] For propagation along the magnetization direction k / /m it can be shown that these proper modes are left and right circularly polarized plane waves e ± with refractive index n ± . For propa- The connection between the refractive index and atomic scattering factors in Eq. (1) follows from the optical theorem which relates the imaginary part fЉ of the forward atomic scattering amplitude
to the absorption. Here f 0 = Z is the Thomson scattering length for the Z "free" electrons in the atom and fЈ and f Љ are the frequency dependent dispersion and attenuation corrections, respectively. Table I gives the resonant forward scattering amplitudes f r,m for the proper modes m = ±, //, Ќ in terms of the scattering factors F ͑i͒ that follow from Eq.
(1) by taking êЈ = ê = ê m .
The total absorption coefficient m measured for a proper circular (Ϯ) or linear (Ќ, //) polarization mode is related to the forward scattering cross section through
where f r,m Љ is the imaginary part of the forward resonant scattering amplitudes, r is the corresponding atomic number density and −r 0 is the free electron scattering length. The nonresonant second term f n Љ describes the absorption by the Si 3 N 4 support, the Al capping layer and the nonresonant Fe or Gd species. They contribute to a magnetization independent background absorption, which can be obtained from tabulated atomic absorption cross section calculations 60 using the known thickness and atomic number densities n .
The three measurable spectra are the nonmagnetic XAS spectrum
the XMCD spectrum defined as
and the XMLD spectrum defined as
After subtraction of the nonresonant background the XAS gives the imaginary part of the resonant charge scattering length F ͑0͒ ͑͒ while the XMCD is directly proportional to the imaginary part of F ͑1͒ ͑͒ and the XMLD gives the imaginary part of F ͑2͒ ͑͒, as follows from Table I and Eqs.
(1) and (5).
The transmission at room temperature of a paramagnetic 16 nm Gd sample is shown in Fig. 2 . The raw signal shown in the inset has been corrected for the sloping transmission of the 100 nm Si 3 N 4 support and the energy dependencies of the detectors. The nonresonant background calculated from the known thickness and tabulated cross sections 60 is also shown, and gives good agreement with the pre-and postedge regions. Using Lambert-Beer's law and the known atomic density and thickness, the absolute cross section per atom can be calculated as shown in the top panel of Fig. 3 .
Also shown in Fig. 3 are the Gd M 4,5 XMCD and XMLD spectra of Gd 1−x Fe x thin films (x = 72.5% and 83.3%) taken during different experimental runs at room temperature and 20 K. The obtained Gd atomic cross sections for the different compositions differed less than 2%. The XMCD spectrum at 20 K has a maximum amplitude that is ϳ90% of the maximum isotropic x-ray absorption, implying a fully saturated 4f moment. 34 The room temperature XMCD spectra have been scaled up to the 20 K spectra by a multiplication factor of 1.31. Since the XMCD is linearly proportional to the total Gd moment M Gd , this implies that at room temperature M Gd TABLE I. Scattering cross section for the proper polarization modes for propagation parallel and perpendicular to m.
,5 transmission spectrum of a 16 nm Gd thin film at room temperature (gray dots). Dash-dotted line: nonresonant contribution. Inset: raw data.
is reduced by a factor 1/1.31 compared to the fully saturated 20 K moment.
Our absorption data are in qualitative agreement with ␤ values derived from electron yield measurements, 51 which were scaled to tabulated literature values 60 to obtain absolute cross sections. It should be stressed that our values are based purely on experimental results. The appreciably larger XMCD amplitude in our data is either due to a higher magnetic saturation in our sample or to saturation effects 4 in the total yield data.
The Fe L 2,3 spectra for the Gd 27.5 Fe 72.5 magnetic thin film are shown in Fig. 4 . In comparison to the Gd M 4,5 the resonance is weaker. Again, off resonance we obtain very good agreement with the tabulated absorption cross section, 60 indicated by the dashed line. The linear dichroism at this edge was less than 1% and we were unable to obtain reliable data with the small beam size imposed by the support window dimensions. The much smaller linear dichroism is due to the smaller spin-orbit interaction in the Fe 3d shell in comparison with the Gd 4f shell. 61, 62 
IV. KRAMERS-KRONIG TRANSFORMATIONS
Based on causality arguments it can be shown that the real and imaginary part of the refractive index, and hence of the atomic scattering factors, are related. 63 For the resonant scattering factors F ͑i͒ the dispersion relations are 57, 58 Re͓F ͑0͒ ͔͑͒ = 2
where the P stands for the Cauchy principal part of the integral. Note that the role of the frequency in Eq. (10) is slightly different; this is due to the breaking of time-reversal symmetry in the presence of a magnetic field, as pointed out by D.Y. Smith. These relations allow us to calculate the x-ray dispersion and magnetic birefringence from the experimental absorption and magnetic dichroism spectra. The principal value integrals were approximated numerically by calculating the Riemann sum over the spectra, leaving out the pole at = Ј. The XAS spectrum was combined with tabulated values 60 to take into account the absorption due to all other transitions from 10 to 30 keV. We enlarged the integration range until no changes in the resonant dispersion were found. For the XMCD and XMLD it suffices to integrate the experimental spectra, from 1150 to 1250 eV, since the magnetic dichroism is negligible away from the sharp M 4,5 resonance. Other dichroic edges such as the Fe L 2,3 and Gd M 2,3 are far away in energy.
Although not directly visible in Fig. 3 , the 20 K spectra are noisier and have a slightly sloping background from 1150 to 1250 eV, which hampers the Kramers-Kronig transformation. In the following analysis we therefore used the better quality room temperature XMCD data scaled by the factor 1.31 for the calculations of the atomic scattering amplitudes. Likewise, for the XMLD spectrum we used the room temperature spectrum multiplied by 1.72= 1.31 2 , in excellent agreement with the expectation that the XMLD is proportional to M Gd 2 . The consistency of the procedure was checked by back transformation of the calculated dispersion and birefringence curves which reproduces the absorption and dichroism spectra with a maximum deviation of ϳ2% at the extremal values.
The results are presented in Fig. 5 which shows the complex charge F ͑0͒ , circular magnetic F ͑1͒ and linear magnetic F ͑2͒ scattering amplitudes in units of the free electron scattering length −r 0 . The imaginary parts obtained from the transmission experiments are shown at the top, the real parts obtained from the dispersion relation at the bottom. The resonant scattering amplitudes are substantially larger than the constant Thomson scattering amplitude f 0 of 64 electrons, indicated by the dash-dotted line. On the right axis, the atomic absorption cross section corresponding to the imaginary part of the scattering amplitudes is given, for a fixed energy of 1200 eV which results in a ϳ5% error over this energy range.
The curves in Fig. 5 represent the real and imaginary parts of the atomic scattering factors at the Gd M 4,5 resonance. Since they have a very large amplitude, they completely determine the magneto-optical properties of the medium.
As an useful application we derive the Faraday rotation and ellipticity angles for both elements. The complex Faraday angle is given by 41, 56 
where ␣ F is the ellipticity angle and F is the rotation angle of the linear polarized beam after passing a film of thickness D. From the relation between the forward scattering crosssection and the refractive index 64 we obtain
Although our F ͑1͒ data are strictly valid only for Gd and Fe in the GdFe alloy, we use this equation to obtain the specific rotation and ellipticity angles of pure Gd or Fe films. These are given in Fig. 6 as a function of the photon energy, where we have used the atomic densities of pure Gd and Fe. For the Gd edge these curves should be very reliable, due to the chemical insensitivity of the M 4,5 XAS spectra. The maximum rotation angle is Ϫ0.6°/nm and the maximum ellipticity is 1.2°/nm, roughly an order of magnitude larger than at optical frequencies. The Fe spectra are more sensitive to alloy formation, and this may explain that, while we have the same line shape, we obtain slightly smaller maximum rotation angles compared to earlier work. 41 It is worth noting that the much higher atomic absorption cross section of Gd is partly compensated by the larger atomic volume, making the difference in optical activity of Gd and Fe much smaller than could be expected.
V. SCATTERING CROSS SECTIONS VERSUS SCATTERED INTENSITY
Magnetic thin films with perpendicular anisotropy can form stripe lattices in which the magnetization is alternatingly up or down. They result from the competition between the perpendicular magnetic anisotropy with the demagnetizing field. 65 Our 83.3% sample shows such stripes, which after in-plane saturation form a nearly perfect grating of aligned domains with a period of 160 nm.
In order to test the validity of our F ͑1͒ and F ͑2͒ spectra we measured the energy dependence of the intensity scattered by this grating. As an example, Fig. 7 shows the diffraction pattern of a normally incident circularly polarized beam at the Gd resonance. It consists of a series of strong odd order peaks alternated with much weaker even order peaks.
In simple terms, this pattern can be explained as follows: the incident light sees either an up or down domain, or a domain wall and obtains a local phase lag and absorption. The near field just after the sample is therefore modulated in phase and amplitude and can be written as an average field, which forms the transmitted beam, plus a modulated field, which produces an interference pattern in the far field.
Describing the out-of-plane magnetization modulation as m z ͑y͒, the Bloch wall magnetization separating them has magnetization m x ͑y͒ and closure domains as m y ͑y͒. Since at remanence the net magnetization along the z direction is zero, the up and down domains are of equal width. A simple Fourier analysis then shows that m z ͑y͒ should have odd order diffraction peaks only. This, however, is in contradiction to what is observed in Fig. 7 , which does show even order diffraction peaks, albeit weak compared to the odd orders.
These can simply be understood as arising from the light propagating through the Bloch wall and closure domains (see Table I ). Since these in-plane components have m x ͑y͒, m y ͑y͒ Ќ k, they involve only F ͑2͒ terms which are sensitive to m x 2 and m y 2 (see Ref. 32 ). These quadratic terms have half the period of the stripe lattice and therefore produce "forbidden" even order peaks. The scattering volume of these in-plane magnetization components is much smaller than that of the up-down domains, explaining the low intensity of these peaks despite the fact that we have shown above that F ͑1͒ and F ͑2͒ can have similar amplitude. Ignoring for the moment these weak even orders, we first simplify the analysis by neglecting Bloch walls and closure domains by assuming a modulated magnetization profile, m z ͑y͒, that is periodic in y and constant in x. For a normally incident plane wave, k / /m / /ẑ, the refractive index must then described by the refractive indices n ± =1−␦ ± + i␤ ± for the allowed circular polarization modes ê ± .
For an incident circular polarized plane wave E 0, with helicity = ± 1 the refractive index at a position y can be written as
with a constant helicity averaged part
and a position dependent magneto-optical part sensitive to the magnetization
It follows that the transmitted electric feild can be written as the product of an average part and a modulated part depending on m z ͑y͒
where E 0 is the amplitude of the incident plane wave. The factor e ikDn gives rise to an irrelevant phase shift e ikD͑1−␦͒ and an absorption e −kD␤ equivalent to the helicity averaged attenuation for the uniformly magnetized sample.
The modulated phase and amplitude factor e 
͑20͒
where the first term is nonzero only at q y = 0 and can be interpreted as the transmitted beam. The scattered field at q y 0 is seen to be proportional to the Fourier transform of the out-of-plane magnetic periodic structure times the frequency dependent magneto-optical constants attenuated by the helicity averaged absorption spectrum. The far-field Fraunhofer diffraction pattern from the aligned stripe domain lattice consists of a series of diffraction maxima periodically spaced in reciprocal space, as shown in Fig. 7 . Here we are interested in the energy dependence of the total scattered intensity I s ͑͒. Integrating ͉E ͑q y ͉͒ 2 over q y leaving out the direct beam at q y = 0, the Fourier transform enters as a constant pre-factor in the energy dependence
where we have used Eq. (13). This can be rewritten as
where I t ͑͒ = I 0 e −2kD␤͑͒ is the helicity averaged transmission spectrum, which was obtained by having the diode intercept both the transmitted and scattered radiation.
The total scattered intensity I s ͑͒ around the Gd M 4,5 and the Fe L 2,3 edges was measured by moving the diode to a position just out of the primary beam where it intercepts only the top half of the diffraction pattern (Fig. 1) . The spectrum of I s ͑͒ / I t ͑͒ is shown in Fig. 8 , and compared to the right hand side of Eq. (23) for the resonant scattering factor ͉F ͑1͒ ͉͑͒ 2 obtained from the measured absorption data and their Kramers-Kronig transformation. For the Gd M 4,5 , shown at the top, a very satisfactory agreement is obtained over four orders of magnitude, which proves again the validity of the Kramers-Kronig transform for the circular dichroic scattering factor F ͑1͒ . It is worthwhile to point out that at the resonances the scattering contrast is completely absorptive but elsewhere mainly results from the dispersive part of the scattering factor.
A similar analysis can be made for the Fe L 2,3 edges, with results given in the bottom graph of Fig. 8 . Again a good match between measured intensities and calculated cross sections is obtained over several orders of magnitude. It should be noted that the Fe L edge spectrum is much less peaked, and that the scattered intensity is lower than that found at the Gd M edge.
In the above discussion we have neglected the intensity of the weak even order diffraction peaks produced by F ͑2͒ scattering in the in-plane magnetization components, i.e., the Bloch wall and closure domain magnetization. Their contribution is small because they occupy only a small fraction of the total volume. However, from q resolved data as in Fig. 7 , taken at remanence ͑M=0͒ with linear polarization parallel to the Bloch walls, we could isolate the second order intensity using a simple multiple peak fit. Due to the low intensity, meaningful results could be obtained only over a narrow energy range around the M 5 resonance. The results, normalized to the maximum total scattered intensity, are given in Fig. 9 . Despite the large error bars, especially below 1182 eV where the scattered intensity decreases rapidly (cf. Fig. 8) , it is clear that data points follow the ratio of ͉F ͑2͒ ͉ 2 / ͉F ͑1͒ ͉ 2 reasonably well, strongly supporting the correctness of the relative size of the F ͑1͒ and F ͑2͒ scattering amplitudes and in turn the correctness of the Kramers-Kronig transformation of the linear dichroism. The most striking feature of this figure is that at the low energy side of the main absorption peak the linear dichroic contrast term F ͑2͒ is nearly as strong as the F ͑1͒ term. Hence the linear magnetic scattering term can be switched on or off by changing the energy by only 1 eV.
VI. CONCLUSIONS
In conclusion, we have presented an analysis of the optical constants of prototypical rare earth and transition metal soft x-ray absorption edges. We have measured the polariza- tion and spin dependent transmission spectra of thin Gd 1−x Fe x layers at the Gd M 4,5 and Fe L 2,3 absorption edges in order to completely determine the optical constants at these edges. The measured absolute absorption cross sections form the imaginary part of the resonant scattering amplitude. The corresponding real part was calculated using Kramers-Kronig relations. Quantitative values for the atomic cross sections for x-ray absorption and magnetic circular and linear dichroism were obtained.
We found that at the Gd M 4,5 the maximum resonant scattering amplitude is a factor of 10 higher than the nonresonant Thomson scattering length, which is likely to be among the largest resonant enhancements per atom that can be found.
3, 34, 66, 67 The circular dichroism in the scattering cross section is huge, ϳ90% of the maximum resonant charge contrast, while the linear dichroism, ϳ30% of the resonant enhancement, is still quite considerable.
We find that the ratio of linear to circular dichroic contributions in the total scattering cross section displays a steplike energy dependence, which can be used to toggle linear dichroic contributions on or off with a negligible change in wavelength and therefore scattering vector. In a forthcoming paper it will be shown that this possibility allows the simultaneous measurement of magnetization components along and perpendicular to the beam direction. The optical constants obtained here were tested by comparing calculated scattering cross section spectra with the scattered intensity from a quasiperiodic magnetic stripe lattice system. We presented an analysis of this scattering data in terms of a spacemodulated refractive index, showing that the scattered intensity can be written as the product of an average isotropic attenuation factor and an anisotropic magnetic scattering contrast. In this description, the agreement between the calculated and measured scattering from the Gd M 4,5 F ͑1͒ contribution is found to be excellent over four orders of magnitude. Similarly good agreement was obtained for the Fe L 2,3 F ͑1͒ term. Furthermore, the existence of the plateau in the F ͑2͒ /F ͑1͒ ratio at the Gd M edge was experimentally confirmed by a measurement of the first and second order satellite intensity.
The local nature of the Gd 3d → 4f transition makes it rather insensitive to the chemical surrounding and we expect therefore that the optical constants presented here are applicable for all compounds containing magnetically saturated Gd ions (except for the background absorption). In comparison, the Fe resonant atomic scattering lengths are about a factor of 10 lower in amplitude, with a circular dichroism of 50%. Linear dichroism could not be observed in the GdFe compounds studied here. Since the L 2,3 edge involves delocalized valence states, the optical constants given here are less universally applicable than those of the Gd M 4,5 edge, although the magnitude of the cross section away from the absorption edge should be small. Finally, it should be noted that although the atomic scattering amplitudes at the transition metal L 2,3 edges are lower, the total scattering amplitude at these edges per unit thickness can be comparable to that of rare earth M 4,5 edges, due to the much smaller atomic radius of the 3d transition metals compared to that of rare earth ions.
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